Abstract
Radiologically isolated syndrome (RIS) is a term used to describe neurologically asymptomatic individuals with incidental MRI abnormalities highly suggestive of MS. 1 It is known that these individuals are at increased risk of eventually developing MS. Recently, a multicenter retrospective study-representing the largest reported study to date in RIS-has found the 5-year risk of conversion to MS to be 34%. 2 Despite the recognition that a significant portion of RIS will develop MS, clinical management remains challenging, as there have been no prospective studies assessing the risk of RIS conversion to MS; thus, the natural history of RIS remains unclear. Furthermore, there are no accepted evidence-based management guidelines for RIS, and treatment with a disease-modifying treatment (DMT) indicated for MS is controversial because the benefit of DMTs in RIS has not yet been demonstrated. 3, 4 Retrospective studies have identified a number of factors that seem to increase the likelihood of RIS conversion to MS, which include male sex, younger age, and the presence of a spinal cord (SC) lesion on MRI. 2, 5 Among these factors, the presence of an SC lesion portends the greatest risk of conversion to MS. 2 In clinical settings, SC lesions are typically assessed in MS using conventional, relaxation-based MRI sequences, which are neither exceedingly sensitive nor specific to pathologic changes in underlying tissue. Using conventional MRI sequences, approximately 35% of RIS have identifiable asymptomatic SC lesions. 2 Advanced, quantitative MRI, including diffusion tensor imaging (DTI), and magnetization transfer imaging (MTI) have increased sensitivity to evaluate tissue microstructural properties. DTI-derived parameters measure the magnitude and direction of water diffusion, allowing for improved discrimination between different types of MS-related microstructural abnormalities, including axonal injury and demyelination. 6 MTI is another quantitative technique that is derived from magnetization exchange between freely mobile protons and those associated with macromolecules such as myelin or axonal membranes. 7 The most commonly used metric magnetization transfer ratio (MTR) thus reflects myelin and axonal integrity.
Previous studies have demonstrated that quantitative spinal cord MRI (SC-MRI) metrics, including spinal cord crosssectional area (SC-CSA), DTI, and MTR, have increased sensitivity to underlying tissue microstructural changes relevant to clinical disability beyond conventional, lesionbased metrics, and that these measures can provide insight into clinically relevant pathologic processes in MS. [8] [9] [10] [11] [12] [13] In RIS, brain atrophy has previously been demonstrated, and the presence of SC lesions has been shown to increase the risk of developing MS, 2, 14 but quantitative SC-MRI metrics have not yet been assessed. Accordingly, we hypothesized that there would be differences in quantitative SC-MRI measures in RIS vs healthy controls (HCs), in addition to the presence of SC lesions. Applying these techniques to the SC in RIS may provide insights into disease mechanisms in the earliest detectable stage of MS, which may provide the needed guidance in managing RIS in day-to-day clinical practice.
Methods
Standard protocol approvals, registrations, and patient consents This study was approved by the Institutional Review Board of St Michael's Hospital. All participants provided written informed consent.
Study participants
Twenty-four participants with RIS were prospectively recruited from the St Michael's Hospital MS clinic by convenience sampling from July 2014 to September 2015. The exploratory nature of this study precluded a sample size calculation from being performed. Inclusion criteria for the RIS group were adult patients (≥18 years of age) meeting previously published clinical and MRI criteria for RIS (incidentally identified T2-hyperintense lesions on MRI-brain fulfilling 3 of 4 Barkhof criteria without neurologic symptoms).
1 Fourteen HCs were recruited from hospital staff and volunteers. HCs with MRI lesions suspicious for demyelination on MRI or other incidental brain or SC imaging findings were excluded from the analysis (n = 2).
Clinical assessment
Patients with RIS underwent clinical examination to obtain Expanded Disability Status Scale scores by a neurostatuscertified examiner within 30 days of MRI. There were no participants who experienced a clinical relapse or neurologic symptom suggestive of MS between recruitment and study visit.
Glossary DMT = disease-modifying treatment; DTI = diffusion tensor imaging; FA = fractional anisotropy; GM = gray matter; HC = healthy control; MD = mean diffusivity; MT = magnetization transfer; MTI = magnetization transfer imaging; MTR = magnetization transfer ratio; NEX = number of excitation; PSIR = phase-sensitive inversion recovery; RIS = radiologically isolated syndrome; ROI = regions of interest; RRMS = relapsing-remitting MS; SC = spinal cord; SC-MRI = spinal cord MRI; SC-CSA = spinal cord cross-sectional area; SC-GM = spinal cord gray matter; TE = echo time; TI = inversion time; TR = repetition time; WM = white matter.
MRI
MRIs were performed on a 3T MRI scanner (Siemens Skyra, Erlangen, Germany) with a 20-channel head-neck coil and a 16-channel spine-array coil. Spinal cord MRI Acquired SC sequences included magnetization transfer (MT) weighted images: 3D T2*-weighted, gradient-echo sequence with an MT prepulse (1.5-kHz off-resonance sincgauss-shaped radiofrequency saturation pulse), flip angle/ TR/TE = 9°/47 ms/11.2 ms, which yielded 3-mm axial slices (20 contiguous) spanning C3-C4 with FOV = 224 mm, and a nominal in-plane resolution of 0.6 × 0.6 mm 2 . MT off images used the same parameters but excluded the MT prepulse.
Brain MRI
DTI data: cardiac-gated, axial fat-suppressed, high-resolution diffusion-weighted imaging with readout-segmented echoplanar imaging, parallel imaging, and a 2-dimensional navigator-based reacquisition 15 (RESOLVE) was obtained across C3-C4 in 12 noncoplanar gradient directions. Flip angle/TR/TE = 180°/220 ms/53 m, b = 500 seconds/mm 2 , trigger delay = 0 ms, acquisition window = 420 ms, parallel acceleration technique mode = GRAPPA, acceleration factor = 2, slice thickness = 3 mm, FOV = 150 mm, in-plane resolution = 1.5 × 1.5 mm 2 , and slice number = 20.
Sagittal 2D T1-phase-sensitive inversion recovery (PSIR) of the cervical spine: FOV = 220 mm; in-plane resolution = 0.7 × 0.7 mm; slice thickness = 3 mm; TR/TE = 2,400/9.4 ms; TI = 400 ms; averages = 2; parallel acceleration technique mode = GRAPPA; and acceleration factor = 2.
Image processing and analysis
Brain Automatic brain lesion segmentation was performed using the Lesion Segmentation Toolbox 16 for SPM8 (Wellcome Department of Imaging Neuroscience, London, United Kingdom). The optimal initial threshold for segmentation was determined by comparing a reference manual segmentation with automatic segmentations created with different thresholds. Dice coefficients for different thresholds were calculated, and a threshold of 0.25 was selected. Lesion maps were used to fill the segmented lesions in the T1-image with estimated healthy white matter (WM) tissue. 17 Gray matter (GM), WM, and CSF volumes were obtained using the Voxel-based morphometry 8 (VBM8) toolbox 18 for SPM8. Lesion, GM, WM, and CSF maps were reviewed for quality control by an experienced neuroradiologist (P.A.-L.). Brain parenchymal fraction (BPF) was calculated by dividing brain parenchymal volume (GM + WM) by total intracranial volume (GM + WM + CSF).
Spinal cord
MT on was registered to MT off using a 6 degree-of-freedom, rigid-body process in FLIRT (Oxford Centre for Functional MRI of the Brain's Linear Imaging Registration Tool, Oxford, UK). (MT off − MT on )/MT off was used to calculate MTR (figure e-1 at http://links.lww.com/NXI/A25).
Each diffusion-weighted image was registered to the initial b0 volume using a 6 degree-of-freedom, rigid-body registration in FLIRT using the Java Image Science Toolkit. 19 The diffusion tensor and maps of DTI indices (fractional anisotropy [FA] , mean diffusivity [MD], perpendicular diffusivity [λ ' ], and parallel diffusivity [λ || ]), which were calculated from eigenvalues of the diffusion tensor, were produced (figure e-2, http://links.lww.com/NXI/A26). 20 The b 0 image was registered to the MT off image using deformable transformation, and the extracted information applied to all diffusion-weighted images. Trilinear interpolation was used for deformable transformation while resampling, and rigid/affine transformation was performed using windowed sinc interpolation.
Manual segmentations of the SC-CSA were performed on the MT-on images, and segmentations of the SC-GM and WM were performed on the MT-off images. Mean SC-CSA and GM and WM areas were calculated across segmented C3-C4. Regions of interest (ROI) were also manually drawn on the FA maps across the C3-C4 segment and transferred to the MD, λ ' , and λ || maps to obtain individual DTI indices (figure 1). All segmentations were performed by trained individuals supervised by the neuroradiologist (P.A.-L.). Visual inspection of all slices used for manual segmentation was performed (range, 11-15 slices), and slices were discarded if significant artifact precluded accurate ROI delineation. FA slices (2.6%), 3.9% of MTR slices, 20.2% of MT off slices (GM and WM), and 0.8% of MT on slices (SC-CSA) were excluded from the analysis.
The presence of SC lesions was assessed on PSIR and MT sequences (figure e-3, http://links.lww.com/NXI/A27). Manual segmentation of SC lesions was performed on the PSIR sequence between C1 and C7 using a 3D slicer 21 (http://www.slicer.org) by an experienced neuroradiologist (P.A.-L.) (figure 2).
Statistical analysis
Statistical calculations were performed using STATA version 11 (StataCorp, College Station, TX). Multivariate linear regression analysis was used to compare quantitative SC-MRI measures in RIS vs HCs, while adjusting for age and sex. Because of the exploratory nature of this study, adjustment for multiple comparisons was not performed.
Results
This study included a total of 24 participants with RIS and 14 HCs. Forty-eight potential participants with RIS were screened. Reasons for exclusion are shown in figure e-4, http://links.lww. com/NXI/A28. Reasons for which RIS participants had brain MRIs are displayed in table 1. Participants with RIS were predominantly women (79%) and had a mean age of 44.6 years, whereas HCs were 60% women and had a mean age of 36.9 years. Participants with RIS showed a trend toward being older than HCs (p = 0.06). None of the RIS participants were treated with DMTs typically used in relapsing-remitting MS (RRMS). Table 2 
Discussion
In this study, we found minimal microstructural differences using a spectrum of quantitative MRI metrics in the SC of RIS, despite most participants having visible lesions. Furthermore, there was no evidence of SC atrophy. The single detectable difference in the SC was a trend toward lower MTR in RIS vs HCs, whereas there was already evidence of brain atrophy in RIS. To our knowledge, this is the first prospective study that has applied a spectrum of quantitative MRI measures to the SC in a prospective cohort of RIS participants and provides valuable insights into early pathologic mechanisms in the SC in MS.
Our findings of a lack of atrophy and minimal microstructural change in the SC in RIS based on quantitative MRI metrics are in contrast to previous studies in clinically definite MS, in which SC quantitative MRI measures, including both DTIand MTI-derived metrics, as well as SC-CSA, GM, and WM were found to be significantly altered in both relapsingremitting and progressive subtypes of MS. This suggests that there is clear microstructural damage in both early and late stages of MS. 11, 12, [22] [23] [24] [25] [26] [27] Theoretically, a decrease in FA may indicate loss of axonal integrity, whereas an increase in λ ' and decrease in MTR is suggestive of inflammation and/or demyelination. The one quantitative SC-MRI measure that showed a trend toward a difference in RIS vs HCs was that MTR was lower in RIS, suggesting that inflammation and demyelination may be one of the only microstructural changes detectable in the very earliest stage of MS, which is in keeping with known pathologic mechanisms in MS. 28 In addition, this finding suggests that inflammation and demyelination are the underlying pathologic substrates of visible lesions in the SC in RIS. These findings suggest that there is a temporal sequence of events that lead to MS, with overt microstructural damage of the SC occurring later in the disease course of RIS/MS, after significant pathologic changes (including demyelination, inflammation, and axonal degeneration) have already occurred in the brain. In support of this hypothesis, a number of previous pathologic and imaging studies have demonstrated semi-independence of brain and SC degenerative processes, with limited correlations between brain and SC atrophy. 29, 30 Accordingly, in our study, we found a clear trend toward evidence of brain atrophy in RIS vs HCs, which is in keeping with previous studies that have demonstrated atrophy in brain regions of RIS, including whole-brain, cortical GM, and the thalamus. 14, 31, 32 In our study, the difference in brain atrophy observed in RIS vs HCs was likely of borderline statistical significance simply because of the small sample size.
Previous retrospective studies in RIS have shown that among a spectrum of clinical and radiologic factors, the presence of an SC lesion is by far, the factor that increases the risk of developing MS over a follow-up period of approximately 6 years by the greatest magnitude. 2, 5 These findings, together with our observations that suggest a temporal sequence of pathologic changes in early MS (RIS), raise the possibility that a specific pathologic change in the SC may be a necessary factor that "triggers" the onset of clinical symptoms in MS. Alternatively, these observations may indicate that there are factors that influence disease susceptibility, making some individuals with lesions manifest with clinical symptoms (either relapses or disability accumulation), whereas others demonstrate only clinical disability progression without relapses and do not develop any clinically detectable symptoms from individual lesions. These interindividual differences may be related to genetic factors that cause some individuals to manifest with more florid inflammation and subsequent neurodegeneration, triggering clinical symptomatology including relapses or neurologic disability accumulation 33 or interindividual differences in synaptic plasticity and energy metabolism related to mitochondrial dysfunction that alter the threshold of becoming clinically symptomatic. 34 Individual factors that influence disease susceptibility are an area of intense clinical interest, particularly in MS, which is a disease with substantial heterogeneity. A better understanding of these factors may have significant treatment implications not just in RIS but also in established MS. These findings are thus worthy of further exploration prospectively and in conjunction with genetic assessments.
We found that the SC-CSA was similar in RIS and HCs, as was the SC-GM and WM area, suggesting the absence of SC atrophy. Numerous previous studies have demonstrated SC atrophy in all stages of MS, particularly GM atrophy in early RRMS. 9 It is worth noting, however, that using a measure relevant to SC volume (SC-CSA) to identify the presence or absence of atrophy is more problematic than the use of brain volumes to measure brain atrophy because of different 
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Hearing loss later deemed to be medication induced 1 Abbreviation: RIS = radiologically isolated syndrome.
anatomic characteristics of these two structures. Because inflammation drives demyelination, which is accepted to be a dominant pathologic mechanism in MS, lesions are edematous for a period, thus falsely increasing the overall volume regionally. In the brain, edematous lesions do not contribute substantially to the overall brain volume because the ratio between lesion volume and normalappearing brain is usually relatively small. By contrast, SC lesions tend to occupy relatively large portions of the CSA of the SC, 35 making it possible that an early, active lesion may temporarily distort the SC volume by a significant magnitude. This issue makes using SC atrophy as a marker of neurodegeneration in RIS/MS problematic, given the possible confounding effects of edema and inflammation. In our sample, over 70% of patients had SC lesions, making it difficult to establish the degree of atrophy of the normal-appearing cord because the combination of atrophy and lesional edema may have resulted in seemingly "normal" values of SC-CSA. However, the fact that we observed minimal microstructural changes in the SC based on quantitative MRI metrics and that there was no evidence of SC-GM atrophy in lesion-free regions of the SC makes the likelihood of true SC atrophy low in our cohort.
The percentage of RIS with cervical SC lesions in our sample (70%) is higher than previously reported (30%-42%). 2, 36, 37 This is likely due to our use of a novel sequence that is T1-weighted for cervical SC lesion detection (PSIR), which has shown to be 46% more sensitive than conventional sagittal T2-based sequences for the detection of cervical SC lesions. 38 Adequate detection of SC lesions is essential in RIS, as it is one of the most important independent predictors of symptom onset. 2 Our results suggest that the incidence of SC lesions in RIS may be markedly higher than previously reported and promote the utility of more advanced T1-based Abbreviations: λ || = parallel diffusivity; λ ' = perpendicular diffusivity; EDSS = Expanded Disability Status Scale; FA = fractional anisotropy; GM = gray matter; HC = healthy control; MD = mean diffusivity; MTR = magnetization transfer ratio; NASC = normal-appearing spinal cord; RIS = radiologically isolated syndrome; SC = spinal cord; WM = white matter.
sequences over conventional T2-based sequences to more accurately assess for the presence of SC lesions in both RIS and established MS.
This study has a number of limitations. First, the sample size is relatively small because of the strict inclusion criteria, that RIS is rare, and the prospective study design. Despite the small sample size, we were still able to identify that while most quantitative SC-MRI measures were not different in RIS vs HCs, MTR showed a clear trend toward a difference, which sheds insight into early MS disease mechanisms. Second, we did not correct for multiple comparisons, but given the small sample size and that this was an exploratory study with a priori hypotheses, this is unlikely to be a significant issue. Third, DTI of the SC is technically challenging because of susceptibility, flow, and physiologic motion artifacts. Recent work suggests significant improvements with the use of reduced FOV and increased number of excitations (NEXs). 39 Although we used a conventional FOV (150 mm) and NEX, other methods were used to improve the signal-to-noise ratio, including the RESOLVE technique 15 and cardiac-gating. We also performed careful quality control measures to ensure that data included were of sufficient quality. Finally, despite the apparent utility of quantitative SC measures in investigational settings, because of technical difficulties, measurement variability, and the lack of validation, the clinical applicability of these measures is limited at the current time.
Our findings suggest that in RIS, there are minimal microstructural changes in the SC, with evidence only of demyelination and inflammation. These findings provide needed insight on disease evolution in MS and suggest that the SC may play an important role in triggering clinical symptomatology. Furthermore, these findings raise important questions about interindividual susceptibility relating to MS disease progression. Prospective follow-up of this cohort is planned, which will likely provide additional insights into the role the SC plays in the complex sequence of events related to MS disease initiation and progression. Furthermore, practical information that can guide the clinical management of RIS and early MS may be obtained from longitudinal follow-up of this cohort.
